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As  mentioned  in  a  previous  report  (Af  OOR-/O-OOO/)  <i  'jic.it  »!•  o  1  of 
effort  has  been  put  in  by  various  groups,  using  Doth  experimental  and 
theoretical  techniques,  in  attempts  to  understand  the  dynamics  of  the 
simple  atom-molecule  reactions.  In  particular  the  reactions  1,  2  and  4 
have  been  very  extensively,  studied  and  broad  general  agreement  has  been 
attained  between  different  groups  of  workers.  Reaction  3  Lias,  however, 
proved  to  be  much  more  problematical. 
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At  the  time  when  this  work  was  initiated  the  only  study  of  the 
initial  vibrational  energy  distribution  in  deuterium  fluoride  war,  one  we 
had  made  using  the  measured  relaxation  infrared  chemiluminescence  method 
(1).  Although  not  completely  unambiguous,  that  study  strongly  suggested 
that  the  most  populated  vibrational  level  of  deuterium  fluoride  was  v'  '  10. 

It  also  determined  relative  primary  rate  constants  for  formation  of  deuterium 
fluoride  in  vibrational  levels  v 1  =  2  to  v 1  12.  The  results  indicated  that 

62  per  cent  of  the  available  energy  initially  entered  vibration. 

There  has  often  been  some  conflict,  tie  tween  experimental  results  obf  lined 
by  the  measured  relaxation  infrared  chemiluminescence  method  and  those  obtained 
by  the  lower  pressure  arrested  relaxation  method.  Tliis  was  one  of  the  reasons 
that  a  study  by  the  latter  method  was  proposed.  Additionally,  Uie  measured 
relaxation  method  gives  no  indication  of  the  initial  rotational  energy 


distribution,  which  is  a  valuable  additional  quality  so  far  as  chemical 
laser  applications  are  concerned. 

txperimenta 1 

The  apparatus  used  for  arrested  relaxation  studies  is  shown  in 
Figure  1.  The  design  of  the  reaction  cell  is  critically  important.  In 
view  of  the  desirability  of  operating  at  the  minimum  possible  pressure 
it  must  possess  an  elluient  light  collecting  system,  (.onto  in  an  » •  I  }  <  •  r  t  i  v « ■ 
mean  of  arresting  the  product  state  relaxation  processes,  and  provide  optimum 
pumping  conditions.  It  is  in  the  last  respect  that  the  present  design  differs 
most  significantly  from  those  of  other  workers.  Pumping  of  the  cell  is 
effected  by  means  of  an  Edwards  24  inch  f2404  oil  diffusion  pump  backed  by  an 
ISC  3000  Edwards  rotary  pump.  The  unthrottled  throughput  for  hydrogen  is 
10  -  1200  dm^  at  a  pressure  of  10  ^  torr.  Perhaps  most  important,  the  "e.t.irc 
bottom  area  of  the  reaction  cell  is  exposed  to  the  vacuum  pump  via  a  lignin 
nitrogen  cooled  chevron  baffle.  The  remaining  sides  and  top  of  the  reaction 
cell  are  covered  by  an  "inverted  trough"  of  copper  plate  cooled  by  continuous 
passage  of  liquid  nitrogen  through  copper  coils  silver'  soldered  to  its  outer 
surface.  The  light  collection  system  is  a  standard  Welsh  cell  consisting  of 
four  semi -circular  gold  plated  mirrors  of  130  mm  diameter,  radius  of  curvature 
530  mm,  independently  mounted  in  pairs  and  capable  of  individual  adjustment 
from  outside  the  cell. 

In  order  to  attempt  to  improve  the  efficiency  of  trapping  of  vibratiuna 1 1 
excited  molecule  at  the  cold  walls,  considerable  time  was  spent  in  redesigning 
these  so  that  an  approx  imately  r,"  layer  of  (ooled  molecular  sieve  was  « t.tu<  hod 
to  the  inside  of  the  trough.  Ibis  was  aehieved  by  holding  the  molecul.ii  sieve 
in  place  with  a  high  transmission  gauze.  As  before  flu*  whole  assembly  'was 
cooled  wi  tfi  liquid  nitrogen.  The  relatively  poor  <  undue  I  i  v  i  t.y  of  the  molefular 
sieve  necessitated  that  the  layer  was  kept  as  thin  as  possible.  the  rf'mirmy 
of  the  new  iryogenii  pumping  system  was  investigated  using  the  well-known 
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reactions  of  atomic  fluorine  with  methane  and  ethane.  Both  these  alkanes 
are  difficult  to  pump  cryogenicul ly  and  it  was  demonstrated  successfully 
that  there  was  a  significant  improvement  with  the  new  system. 

Deuterium  (Air  Products  Ltd.  99.999  per  cent),  fluorine  (B.b.C.  Ltd. 

98.0  per  cent)  and  argon  (B.O.C.  Ltd.  99.999  per  cent)  were  used  without, 
further  purification.  Deuterium  atoms  were  produced  by  a  100  W,  2460  Ml'/ 
microwave  discharge  in  deuterium.  Fluorine  atoms  were  produced  by  a 
similar  discharge  technique  using  carbon  tetra fluoride  as  the  precursor. 

Due  to  the  extreme  toxicity  and  corrosive  nature  of  fluorine,  a  number 
of  modifications  to  the  usual  gas  inlet  and  outlet  systems  were  necessitated. 
The  molecular  fluorine  was  introduced  to  the  fluorine  glass  line  through 
i  inch  copper  pipe.  This  line  trad  previously  been  evacuated  thoroughly  to 
minimize  adsorbed  water.  The  flow  rate  was  controlled  by  a  stainless  steel 
needle  valve  and  measured  using  a  calibrated  capillary  flow  meter  f  illed  with 
a  full  fluorinuted  oil.  Voltalef  90  grease  was  used  on  all  glass  s  topi. or  ks 
and  glass  to  metal  connections  were  made  with  teflon  tubing.  Txcess  fluorine 
was  discharged  into  a  trap  containing  a  mixture  of  potassium  hydroxide  pellets 
and  glass  beads.  The  beads  prevented  trap  blockage  due  to  the  formation  of  a 
solid  crust  of  potassium  fluoride. 

The  fundamental  emission  from  DF  spans  a  region  (3.45  ,.m  to  4.50  ,.m) 
in  which  the  sensitivity  of  a  conventional  lead  sulphide  detector  is  low. 

It  was  therefore  necessary  to  record  the  DF  spectra  in  the  first  overtone 
region  (l./b  ,.m  to  2.96  m)  which  lies  near  the  peak  of  the  detector's 
response . 

T fie  infrared  spectrum  of  DF  does  nof.  lend  itself  to  simple  analysis 
in  the  same  way  as  hydrogen  fluoride.  L he  larger  reduced  mass  and  consequent 
smaller  vibrational  and  rotational  spellings  result  in  many  near  tnim  idenr.es 
of  vibration-rotation  lines  within  overlapped  hands.  Consequently  a  computer 
simulation  technique  is  essential  in  order  to  analyse  the  spectra.  In  order 
to  calculate  the  v  i  bra  1 1  on-rota  t.  ion  line  positions  with  sufficient,  accuracy 

_ _ 


it  was  found  necessary  to  use  a  Dunham  expression  with  16  coefficients. 
This  expression  used  the  Dunham  coefficients  for  IK  ('/.)  corrected  for  Df 
by  means  of  the  isotope  relations  (3). 


(1  +  ?,))/?. 


Trie  trial  vibrational  and  rotational  population  distributions  'h' 
to  the  simulation  program  were  converted  to  intensities  by 
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where  I 


is  the  intensity  and  m 


is  the  frequency  of  transition 


from  a  state  (v\)')  to  state  (v,J).  A^  is  l.ht.*  i  iristein  coefficient  and 

y  1 

..  is  the  frequency  of  the  pure  vibrational  transition  (v  ’  •  v }  .  ,  is 

v  1 J 1 

the  line  strength  and  is  the  rotation-vibration  interaction  factor, 

calculated  using  the  full  expression  of  Herman  et  al  .  (A).  The  i.  iristein 

coefficients  used  were  those  of  Sileo  and  Cool  (5). 

As  stated  above,  the  emission  intensity  (I  j  ^  )  of  any  particular 

V  '  J  1 

vibration-rotation  line  may  be  related  to  the  population  (N  )  of  that, 
state  by  expression  (6).  In  previous  work  an  approximate  expression  was 
used  to  calculate  the  rotational  contribution  to  the  transition  probability. 
To  improve  the  accuracy  of  this  study,  a  program  was  developed  to  calculate 
the  contribution  using  the  full  expression  of  reference  A. 


Results  and  Analysis 

Analysis  of  the  Df  spectra  would  be  further  compl i ca ted  by  any  non- 
Boltzmann  nature  of  the  rotational  distributions  to  be  found  within  any 
particular  vibrational  level.  Under  the  previous  grant  a  considerable  effort 
was  put  into  developing  computer  programs  capable  of  simulating  the  experimental 
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distributions . 

Initial  experiments  were  carried  out  without  the  cryogenic  molecular 
sieve  being  installed.  Under  these  conditions  it  was  necessary  to  use 
relatively  high  flow  rates  of  the  reactant  gases  in  order  to  obtain 
detectable  emission.  The  spectra  obtained  clearly  showed  tha  t  little 
rotational  ly  excited  HF  was  formed.  Furtheniiore  although  the  Hi  was 
vibrational ly  excited  the  degree  of  excitation  was  lower  than  that  round 
by  the  measured  relaxation  method.  The  data  were  analysed  by  comparis? o 
with  computer-simulated  spectra  and  the  results  are  shown  on  Figure  V. 

These  results  are  consistent  with  the  idea  that  trie  residence  time  in  the 
reaction  chamber  was  too  long.  Under  such  conditions  the  number  of  col  I  i moos 
would  be  sufficient  to  randomize  the  rotational  energy  distribution  and  also 
lead  to  vibrational  relaxation  through  collisional  and  rotational  processes. 

The  later  experiments  were  all  carried  out  using  the  code-1  molecular 
sieve  liner-  as  an  additional  pumping  aid.  Certainly  this  had  appreciable 
advantages  so  far  as  allowing  additional  throughput  of  reactants  as  was 
demonstrated  for  poorly  pumped  gases  such  as  those  present  in  the  atomic 
fluorine/me thane  reaction.  When  the  D  +  f  ^  reaction  was  repeated  under  these 
new  conditions  it  was  observed  that  significantly  Faster  pumping  speeds  were 
indeed  achieved.  The  resulting  infrared  spectra  were  analysed  arid  the  •  e-.u  1  ts 
for  the  vibrational  energy  distribution  in  the  product,  hydrogen  fluoride  a ■  <■ 
shown  in  Figure  2.  It  can  be  seen  from  this  Figure  that  a  higher  degree  of 
vibrational  excitation  was  achieved.  However,  the  maximum  population 
occurred  in  the  v '  -  9  vibrational  level  compared  with  the  measured  relaxation 
result  which  showed  the  maximum  population  to  be  in  v*  -  10.  This  is  sums 
indicative  of  partial  vibrational  relaxation  which  was  borne  out  by  the  Fa.,  t 
that  the  computer  simulation  comparison  showed  these  to  he  very  little 
rotationally  excited  product.  Many  further  experiments  were  tarried  out  using 
different  reactant  flowrates  and  different,  inlet,  geometries.  However,  in 


all  cases,  basically  the  same  results  were  obtained  and  the  conclusion  w-c. 


...  0  - 

reluctantly  drawn  that  even  with  the  additional  aid  of  rryogenic  pump  i  raj , 
the  residence  time  of  the  product  hydrogen  fluoride  within  the  reaction 
chamber  was  such  that  some  rotational  decay  and  col  1  is  iona  1  rela/ution  t  oof 
place . 

Recently  a  study  of  this  reaction  by  a  different,  experimental  iic-thud 
.has  been  published  (6).  This  made  use  of  a  so-called  chemi  luminescence 
mapping  method.  Results  are  presented  for  both  the  reaction  of  atomic  fluorine 
with  deuterium  and  atomic  deuterium  with  molecular  fluorine.  However,  where.;, 
the  former  results  are  in  satisfactory  agreement  with  previously  pub  1 1  she-;  <i,i 
the  latter  are  drastically  at  variance  and  show  a  maximum  population  iri  the 
v’  -  11  level  of  DF  as  can  be  seen  from  figure  ?. .  Taken  in  isolation  these 
results  would  appear  to  be  very  much  more  realistic  even  though  the  s iona 1  -  to¬ 
ne  ise  ratio  in  the  published  spectrum  is  not  good,  They  would  seem  to  bear- 
out  the  thesis  that  the  residence  time  under  the  norma  1  chemi  lumi me  n  wuH 

conditions,  is  too  long.  Ho  wever,  there  are  several  disturbing  aspects  wni'.  h 
need  clarification.  No  data  by  the  chemiluminescence  mapping  method  have  beer, 
obtained  for  the  H/Fo  reaction  for  which  there  was  excellent  agreement  for  the 
vibrational  energy  distribution  in  the  product  HF  by  the  measured  and  arrested 
relaxation  techniques,  obtained  independently  in  different  laboratories  '7,'iy. 
In  the  work  on  the  11/ F^  system  we  and  others  (7,8)  demonstrated  that  it  was 
possible  to  produce  a  modified  LFRS  potential  energy  surface  which  could  bo¬ 
used  in  conjunction  with  classical  trajectory  calculations  to  give  o  sa  tisfocU. 
reproduction  of  the  experimental  vibrational  energy  distribution,  later  work 
showed  that  this  surface  could  be  used  to  provide  a  reasonable  approx i me  lion 
to  the  distribution  found  in  the  O/F^  reaction  (1).  This  is  to  he  expected 
since  any  isotope  effects  would  be  small.  However,  it.  is  clear  that  the  surf-ac 
does  not  provide  a  good  represent.! t. ion  of  the  distribution  found  by  lardy  et.  a! 
(6).  One  is,  therefore,  forced  to  the  conclusion  that  unless  one  accept',  a 
highly  improbable  isotope  effect,  the  experimental  results  achieved  by  the 
chemiluminescence  mapping  method  results  are  not  compatible  with  the  uriept.ed 
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results  for  H/F^  obtained  by  two  different  methods.  Obviously  this  does 
not  negate  the  chemiluminescence  mapping  data  and  may  cast,  doubt/,  on  ?.nss<- 
for  H/ F 2  although  similar  experimental  results  were  obtained  in  different 
labora  tories .  The  discrepancy  is  highlighted  by  the  fact  Unit.  <  hnmi  lumine¬ 
scence  mapping  suggested  that  78  of  the  available  energy  was  present,  as 
vibrational ly  excited  product  whereas  the  results  for  It/F «  were  appro/ imafel y 
dO  less.  It  would  be  of  great  interest  to  see  results  on  the  ],itt<-r  n-a /*■  - 
by  the  chemiluminescence  mapping  method.  Until  such  work  i,  carried  r,u‘, 
many  questions  must  remain  unanswered. 

Although  in  this  work  wo  failed  to  observe  the  initial  energy 
distribution  from  the  D/IF,  reaction,  it  is  possible  to  predict  this  by 
making  an  approximate  energy  match  with  the  results  from  ll/IF,  by  id, lan/' 
et  al.  (8).  One  is  therefore  making  the  perhaps  unreasonable  assumption  that 
the  vibrational  energy  distribution  for  Ilf  is  correct.  I  hose  results 
shown  in  Figure  3  together  with  our  present  results  obtained  using  the  zoo!  i  f 
cryogenic  pumping  system.  It.  may  be  seen  from  this  Figure  that  the  [joint 
made  earlier  concerning  a  "Bol tzmanni zed"  distribution  of  rotational  energy 
in  the  DF  corresponding  to  a  temperature  somewhat  less  than  300  F.  is  borne- 
out.  In  tne  "energy  match"  results  it  is  necessary  to  ignore  the  peak  at 
low  rotational  quantum  numbers  in  each  spectrum  since  this  is  due  to  partial 
collisions!  relaxation,  the  initial  rotatin'  energy  distribution  for 
DF  peaks  in  J'  •-  8  tor  v'  -  11  and  gradually  moves  to  •••  J'  -  ]?  for  v‘  /. 
Trajectory  calculations  using  the  potential  energy  surface  described  ea>  1  iei 
(1)  can  he  used  to  make  a  prediction  of  the  initial  rotational  energy 
distribution.  These  results  are  presented  in  Tigure  A  where  it.  can  be  seen 
that  the  agreement  is  good.  Similar  agreement  was  found  for  the  I1/F-,  <a,r. 
One  should  not,  however,  interpret  this  as  an  argument  against,  the  chemi  Inin  in 
scence  mapping  results  for  the  vibrational  distribution.  It  is  probable  that 
potential  energy  surfaces  giving  a  strong  vibrational  energy  population 
inversion  would  have  the  same  broad  >.  Faracteristics .  However,  it  is  likely 
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